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INTRODUCTION 

nderstanding the flow behaviour and flow dynamics of a 

complex multiphase fluid system is essential at any point 

detailed description and working principles of the UVP technique 

can be found in Takeda[7] and Jensen.[8] The UVP þ PD 

methodology allows the determination of rheological parameters 

by combining UVP with PD measurements. It is an alternative 
in the production or pipeline where the fl uid is in motion. method for in-line, non-invasive rheological characterization of 

In all processing plants, fluids need to be transported in pipes 

between different processing units.[1–3] The rheological character- 
opaque complex fluid systems and is a promising candidate in the fl 

ization of the fluids has a direct effect on the effectiveness of search for new in-line rheometers. For laminar sheet ow in a 

flow predictions in pipes or pipe fittings. Commercial process 

rheometers are sometimes unreliable due to the small measuring 

geometries and the invasive methods on which they are based. 

Certain authors believe that capillary or tube viscometers are best 

suited for determining rheological parameters of mineral suspen- 

sions as the geometries are similar to a pipeline.[4] However, tube 

viscometry is a procedure which is very time-consuming, even 

under conditions with no random errors, and design engineers do 

not have the luxury of unlimited time to entertain the diversities of 

experimental  research.[5]
 

The fact that the fluids or slurries that are used normally are 

opaque effectively narrows down the variety of applicable in-line 

rheometers even further, as these instruments are normally 

based on laser or visible light techniques, such as laser Doppler 

anemometry (LDA). Electrical resistance tomography (ERT) is a 

non-invasive method used to look into opaque suspensions during 

pipe flow, but is an expensive and time-consuming technique. 

UVP is a method to measure an instantaneous velocity profile in a 

liquid flow by echography. The technique detects the Doppler shift 

frequency information contained in the ultrasound echoed by 

particles contained in the fluid as a function of time. UVP is an 

ideal technique since it is non-invasive, works with opaque 

systems, and is inexpensive, portable, and easy to implement 

relative  to  other  velocity  profile  measurement  methods.[6]   A 

flume or open channel, it is also possible to establish rheological 

parameters of a non-Newtonian opaque fluid by combining the 

velocity profile with flow depth measurements (UVP þ FD 

methodology). This paper presents the UVP þ PD background 

and methodology, recent optimization methods and procedures 

for measurement in complex fluid suspensions, preliminary 

results, and recommendations for future work. 

 

THEORETICAL   BACKGROUND 

This section briefly describes the determination of the non- 

Newtonian flow (rheological) parameters used to characterize the 

experimental fluids used in this work. Most of the fluids displayed 
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Ultrasonic velocity profiling (UVP) is a technique that can measure an instantaneous one-dimensional velocity profile in a fluid containing particles 

across the ultrasonic beam axis or measurement line. A method for in-line rheometry combining the UVP technique with pressure difference (PD) 

measurements (UVP þ PD), was developed and improved at SP Technical Research Institute of Sweden and the Cape Peninsula University of 

Technology, South Africa. The UVP þ PD methodology allows measurements that are not possible with common rheometers such as radial velocity 

profiles and yield stress directly in-line and under true dynamic process conditions. Furthermore, it has advantages over commercially available 

process rheometers and offline instruments in being non-invasive, applicable to opaque and concentrated suspensions, and having small sensor 

dimensions. It has been evaluated for several potential industrial applications including paper pulp, foods, transient flows, and model mineral 

suspensions. Similarly, the UVP technique can be applied to an open-channel flow by combining flow depth measurements to obtain rheological 

properties in-line. Industrial fluids, such as thickened pastes, commonly found in tailings transportation exhibit wide particle size distributions, large 

particle sizes, and very high viscosities. These industrial fluids cause strong attenuation of the ultrasound energy, which can significantly distort velocity 

profiles measured with the UVP technique or even make it impossible to conduct flow measurements. Initial results obtained in concentrated cement 

pastes and grouts (bentonite and kaolin clay) showed that UVP is a feasible and promising technique for flow characterization in viscous fluids. 

Keywords: ultrasonic velocity profiling, UVP þ PD methodology, rheology, non-Newtonian, open channel 
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shear-thinning and yield stress which were approximated by using 

the three-parameter Herschel-Bulkley viscosity model. In simple 

The average velocity is given as follows: 

shear, the equation for the Herschel-Bulkley model is as follows: 
: V ¼ nK n  þ1  
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where K, n, and ty are the flow consistency index, flow behaviour 

ð2n þ 1Þrgsina K t0 n þ 1  t0  

ð7Þ 

index, and yield stress, respectively. These are often evaluated by 

performing regression of the viscometric data.[9]
 

For laminar flow in a tube, Equation (1) can be integrated to 

obtain the fully-developed velocity profile (v) as follows: 
 

1 

Equations (5–7) were used to validate the UVP measurements in 

the open channel. 

 
 

UVP þ PD METHODOLOGY AND RECENT DEVELOPMENTS 

n DP   n
 1þ1

    1þ Steger[11] and Mu€ller et al.[12] developed the Ultrasonic Velocity 
v ¼ 

ð1 þ nÞ 2LK 
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Profiling with combined Pressure Difference (UVP þ PD) method, 

where the measurement of pressure drop was added to the 
The plug radius (Rplug) is related to the fluid yield stress (ty) 

according to: 
 

2Lty 

measured velocity profile to obtain rheological data. Based on this 

idea, Ouriev[13] developed an in-line UVP þ PD system for in-line 

measurement of the rheology of complex fluids. Extensive work in 

the further development and optimization of the UVP þ PD Rplug  ¼ 
DP 

ð3Þ methodology  was  done  in  a  scientific  collaboration  project 

between SP    Technical Research Institute of Sweden, Food and 
Under   appropriate   conditions,   the   Herschel-Bulkley   model 

reduces to the power-law (zero yield stress) and Bingham plastic 

(n ¼ 1) models. Equations (1–3) were used to determine 

rheological parameters in-line using the UVP þ PD methodology 

for pipe flow applications. 

In contrast, for the one-dimensional thin sheet flow in a flume, 

the maximum shear stress occurs at the wall given as: 
 

t0   ¼ rghsina ð4Þ 

 

De Kee et al.[10] studied the one-dimensional, laminar, steady, and 

fully-developed gravity-driven flow of the Herschel-Bulkley model 

fluid on an inclined plane (Figure 1). They derived the following 

expression for the velocity distribution in the film (see Figure 1): 
For X0       X    h: 

Bioscience department (formerly The Swedish Institute for 

Food and Biotechnology) and ETH  Swiss Federal Institute 

of Technology. The work was completed by Birkhofer,[14] 

Wiklund,[1] and Wiklund et al.[2] The extended methodology 

allows real-time measurements of radial velocity profiles and 

rheological properties in-line. The method has been successfully 

tested with a wide range of model and industrial fluids, under 

realistic processing conditions. The software developed, based on 

Matlab1 and the UVP DUO Active X libraries driver, provides a 

complete tool with a GUI for data acquisition from all hardware 

devices (pressure sensors, velocity of sound measurements, 

thermometers). An extended and complete commercial UVP þ PD 

software RheoFlowTM was then developed by Wiklund, Wiklund 

and Stading, and Wiklund et al.[1,15–16] RheoFlowTM is capable of 

rapid data processing and can serve as a basis for in-line real-time 
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the improvements made during the last few years there was still a 

challenge to replace standard off-the-shelf ultrasonic transducers 

and the method used to install these transducers. 

The standard transducer setups are usually installed with direct 

contact to the measured fluid in order to ensure maximum energy 

V<  nK t0   ð n Þ
 

 ty

  

z  ¼ 
ðn þ 1Þrgsina K 

1    
t 

ð6Þ 
transfer into the fluid medium. The transducer is also pulled back a 

distance equal to the near-field length in order to avoid erroneous 

velocity  measurements  where  the  pressure  field  is  highly 

irregular. However, this setup leaves a cavity before the wall 

interface which causes measurement uncertainty due to fluid flow 

and increased velocities beyond the actual pipe wall. Figure 2 

shows a flow adapter installed with standard transducers for a 

16 mm pipe. A theoretical profile (Equation (2)) is fitted onto the 

measured profile and rheological parameters are determined 

(Figure 2, right side). Rheological parameters such as the yield 

stress are incorrectly determined (plug radius, Equation (3)) due 

to the distortion of the measured profile caused by the cavity 

setup (Figure 2, circles). Furthermore, when measuring in more 

complex  industrial  fluids,  problems  of  particle  sedimentation 

inside the cavities cause velocity of sound and Doppler angle 

variations, which can significantly distort the measured profile 

(for details see Wiklund et al.[2] and Kotzé et al.[17]). 

From an industrial point of view one can see that the standard 

Figure 1.  Schematic of laminar flow configuration in flume.[10]
 transducer setup will also not be suitable in conditions where high 
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Figure 2. Flow adapter installed with standard transducers and measured profile.[18]
 

 

pressures, high temperatures, and corrosive fluids are present. The 

UVP technique has been further optimized during a scientific 

collaboration between Cape Peninsula University of Technology 

(CPUT) and SP, where new ultrasonic transducers were intro- 

duced and evaluated. The transducers incorporate a special delay 

line material that contains the transducer near-field distance and is 

optimized for beam forming. New velocity estimation algorithms 

as well as signal processing techniques such as deconvolution 

were also introduced (see Kotzé et al.[3,18]). Figure 3 compares 

standard ultrasonic and delay line ultrasonic transducer installa- 

tion setups. The delay line material effectively eliminates the 

cavity problem, but is also flush with the inner pipe wall and 

provides the focal point at the wall interface. 

The combined improvements (delay line transducer and signal 

processing techniques) enabled more robust UVP measurements 

that were suitable for limited applications (Kotzé et al.;[3,18] Kotzé 
and Haldenwang[19]). 

Essentially, the UVP þ PD system combines pulsed ultrasound 

Doppler velocimetry with a pressure difference technique in order 

to determine the rheological parameters of the fluid under test. The 

influence of the shear rate-dependent viscosity on the shape of 

the laminar pipe flow velocity profile is exploited in order to obtain 

the shear rate distribution from the measured velocity profile. 

Flow calculations which combine rheological models are used to 

determine the viscous properties of the fluid using a curve-fitting 

approach. 

 

 

 

 
 

Figure 3. Standard and delay line transducers and installation setup.[19]
 

Besides the curve-fitting procedure for obtaining the rheological 

parameters, the direct gradient method may also be used. The 

shear stress distribution is derived from the differential pressure 

measurement, whilst the gradient of velocity profile is used for 

shear rate calculations. The velocity profile is differentiated, that is 

the rate of change in velocity against spatial position along the pipe 

radius. This is illustrated in Figure 4. This approach is superior to 

curve-fitting in that it requires no prerequisite knowledge of the 

flow behaviour of the fluids under test. More information on the 

UVP þ PD methodology and experimental setup can be found in 

Birkhofer et al.[20] and Wiklund et al.[21]
 

 
RESEARCH STUDIES BASED ON INDUSTRIAL SUSPENSIONS 

The UVP þ PD methodology has been successfully applied to a 

large number of highly-concentrated non-Newtonian fluids such as 

foods (Young et al.;[22] Wiklund and Stading[15]), pulp suspensions 

(Fock et al.[23]), surfactant solutions (Wiklund et al.[24]), fat 

crystallization applications (Birkhofer[14]), and more. However, 

UVP has not been widely applied to concentrated and complex 

mineral fluids such as cement grouts, mining slurries, or 

concentrated pastes. Kotzé et al.[17] investigated the capabilities 

and limitations of this method for different concentrations of non- 

transparent, highly-concentrated non-Newtonian model mining 

slurries and found that this methodology can be used effectively for 

in-line measurement of rheological parameters. The study was later 

repeated using a more improved UVP þ PD methodology for non- 

Newtonian fluids that included pseudoplastic (CMC), yield pseudo- 

plastic (kaolin suspensions), and Bingham fluids (bentonite 

suspensions). The UVP þ PD methodology was evaluated using 

delay line transducers and the results obtained were compared to 

results determined by one in-line method, tube viscometry, and one 

offline method, conventional rotary rheometry. It was shown that 

the apparent viscosities obtained using the different methods were 

within 15 % agreement when compared over the measured shear 

rate range (Kotzé and Haldenwang;[19] Kotzé et al.[18]). In this paper 

we present three interesting studies on three different non- 

Newtonian fluid suspensions as well as two different geometries 

(pipe and flume) in more detail. 

Rheological Characterization of Drilling Fluid in Open-Channel 

Flow 

For open-channel flow, it is possible just as for pipe flow to establish 

the rheological parameters by fitting the theoretical equation 

(Equations (5–7)) to the experimental data. Only one velocity 

profile measurement at the centre of the flume and the correspond- 

ing flow depth in laminar flow are required. Haldenwang et al.[25]
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Figure 4. UVP þ PD methodology. 

 

performed UVP þ FD measurements in opaque model mining 

suspensions in an artificial open channel for the first time. 

The test work was carried out in a 10 m long tilting flume, as 

detailed elsewhere (Haldenwang;[26] Haldenwang and Slatter[27]). 

In brief, it consists of a 10 m 300 mm wide tilting flume, which 

can tilt from horizontal to up to 58 inclination. The flume is linked 

to an in-line tube viscometer with three different diameters of 

tubes: 13, 28, and 80 mm. The in-line tube viscometer is fitted with 

differential pressure sensors (high and low range) to measure the 

pressure drop in the tubes over a set distance of 1 m. Each line is 

also fitted with a magnetic flowmeter (Krohne) to measure the 

flowrate. In addition, the relative density and temperature of 

the test fluids are measured with a mass flowmeter (Krohne). The 

fluid heights in the flume were measured at two positions with 

digital depth gauges linked to a computer. 

The velocity profiles used in this work were obtained using a 

UVP-DUO-MX ultrasound pulser-receiver model from Met-Flow 

SA, Switzerland. 

Plain-wave type 4 MHz ultrasound transducers (Imasonic, 

France), operating in transmitting and receiving mode, were 

used. Technical information about the system can be found from 

Met-Flow SA.[28] The transducer was mounted on the bottom of 

the flume and was installed in direct contact with the test fluid in 

order to maximise acoustic energy input. Transducers were also 

pulled back so that the transducer’s focal points were situated 

at the flume wall interfaces, thus leaving cavities between the 

transducer surfaces and flume walls. 

Figure 5 depicts the flume layout, the ultrasonic transducer 

installation method, and the tube viscometer which is linked to 

the flume / open channel. 

 

 
 

Figure 5. Flume rig layout and ultrasonic transducer installation. 
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Table 1. Comparison of rheological parameters obtained using 
UVP þ FD and tube viscometry 

Rheometric method K (Pa s) n ty  (Pa) R2 

 

  
 

Figure 6. Sheet flow experimental versus theoretical optimized fit for 

bentonite 0.0529 g/g (5.29 % w/w). 

 
 
 

 
 

Figure 7. Sheet flow versus pipe flow rheology for bentonite 0.0529 g/g 

(5.29 %). 
 
 

Bentonite powder was mixed with water to obtain a concentra- 

tion of 0.0529 g/g (5.29 % w/w) and was used for tests in the open- 

channel and in-line tube viscometer. The theoretically fitted 

(Equations (5–7)) and the experimental velocity profiles for 

bentonite 0.0529 g/g (5.29 % w/w) are depicted in Figure 6. In 

Figure 7, rheograms using the rheological parameters obtained 

from the flume are compared with those obtained from the tube 

viscometer. As can be seen, there is close agreement (within 15 %) 

between the two flow curves. The rheological parameters as well 

as closeness of fit (R2) are shown in Table 1. 

 

However, in this study standard transducers and not delay line 

transducers were used and as a result an increase of velocity was 

measured at the flume surface. This did not greatly influence the 

end result; however, for industrial applications it is recommended 

to eliminate the cavity in order to eliminate the previously 

mentioned problems (UVP þ PD Methodology and Recent Devel- 

opments). Preliminary tests using delay line technology in the 

open channel showed very good potential for future implementa- 

tion as well as improvements. In order to test the delay line sensor 

accuracy, flow mapping was carried out using six delay line 

sensors. 
Figure 8 shows the contour plots for bentonite 0.065 g/g 

(6.5 % w/w) at a flowrate of 20.83 L/s (laminar flow). The error 

difference between the measured flowrate and calculated flowrate 

was 7.5 % for results obtained using both standard and delay 

line transducers. It can be observed that for both flow contour plots 

no flow was measured around both corners of the flume surface. 

This was due to the high yield stress / viscosity of the bentonite 

suspension which caused the particles to settle around the corner 

walls with time. This example also shows how UVP can be used to 

monitor changing flows in open channels for highly viscous non- 

Newtonian fluids. This is particularly important when trans- 

porting highly viscous fluids to tailing dams (e.g. in the mining 

industry) as blockages could cause the processing plant to shut 

down and consequently impact economic and environmental 

aspects. 

Table 2 shows the error difference percentages between the 

calculated and measured bulk flowrate for two different flowrates. 

 

 

 
 

Figure 8. Experimental laminar flow map using delay line sensors for bentonite 0.065 g/g (6.5 % w/w). 
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Tube viscometry 0.006 80 1.00 3.00 0.980 

UVP þ FD 0.008 40 1.00 2.60 0.950 

 

Table 2. Percentage difference between volume flowrates obtained 

from integration of flume experimental profiles and reference 

electromagnetic flowmeter 

Electromagnetic 

flowmeter (L/s) 

Delay line flow 

mapping (L/s) 

Difference 

percentage (%) 

10.67 

20.83 

10.1 

19.22 

5.34 

7.73 



 

 
 

Figure 9. Left: schematic of the experimental grouting rig. Right: flow adapter cell with two delay line sensors.[21]
 

 

 

The difference percentages validate the accuracy (< 10 %) of the 
velocity profiles measured in the rectangular open channel. 

Flow Visualization of Cement Grout Pipe Flow 

The feasibility of using the UVP technique to visualize the flow and 

measure the instantaneous radial velocity profiles across at least 

half of the pipe diameter of highly-concentrated cement grout 

suspensions was investigated by Wiklund et al.[21] In general, the 

total penetration depth in grouts is limited due to the high 

concentration of particles and the broad particle size distribution, 

leading to strong attenuation of the ultrasound signal. The test 

setup consisted of a combination of an experimental “flow loop” 
connected to a conventional grouting rig (UNIGROUT E22H, Atlas 

Copco). The flow loop comprised a closed circulation system based 

around the UNIGROUT E22H equipment and further incorporated 

a LOGACTM recording unit and a UVP þ PD test section. All 

equipment was connected using high-pressure hoses and stainless 

steel piping with an inner diameter of 25 mm. A schematic 

illustration of the test setup is shown in Figure 9.[21] The flow 

adapter cell where the sensors were installed is marked by the 

circle on the left. 

Velocity profiles were measured for 3 min within a time period 

of 0.5  3 h after mixing the cement. Typical velocity profiles for 

water/cement (w/c) mass ratio 0.8 (by mass), measured over a 

period of time and 90 min after mixing the cement grout, are 

shown in Figure 10. All the velocity profile measurements were 

made from the wall on each side up to the centre of the pipe using 

transducer 1 and transducer 2 respectively. Measurements were 

thus made both in the direction of the flow and opposite to the 

direction of the flow. As can be seen, the UVP technique was 

successfully  used  to  visualize  the  flow  and  to  measure  the 

instantaneous radial velocity profiles, across at least half of the 

pipe diameter. The velocity fluctuated from 0.1–0.8 m/s and was 

sometimes even negative. This was due to the cyclic pressure 

originating  from  the  movement  of  the  piston  of  the  pump. 

The piston type of pump is commonly used in field grouting 

applications and pulsation is unavoidable with this type of pump. 

Traditional UVP systems can be used with dilute suspensions 

up  to  moderately  concentrated  suspensions  with  a  maximum 

concentration of solids around 0.2–0.25 g/g (20–25 % by mass). 

To overcome the problems with signal attenuation a new delay 

line sensor was developed to also allow measurements in highly 

concentrated cement grouts. The delay line sensors ensured 

that no sedimentation occurred since the delay line material is in 

direct contact with the grout suspension (no cavities present, 

see Figure 3). The delay line sensor also featured an ultrasound 

beam where the focal point (highest energy point) was situated at 

the pipe wall interface. The new transducer type was tested 

successfully in cement grout suspensions where the total 

concentration of solids exceeded 0.5 g/g (50 % by mass). Typical 

velocity profiles for w/c ratio 0.6 (by mass) with a solids 

concentration of 0.52 g/g (52 % by mass) are shown in Figure 11. 

A progressive gear pump was used in this case to produce a 

steady non-pulsating flow. 

Modern  grouting  rigs  are  now  equipped  for  continuous 

measurement of volumetric flowrate and pressure, for example 

 

 

 
 

Figure 10. Velocity profiles for a cement grout suspension with water/ 

cement mass ratio of 0.8 (g/g) measured over a period of 3 min in a 

25  mm pipe.[21]
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Figure 11. Velocity profiles for a cement grout suspension with water/ 
cement mass ratio of 0.6 (0.52 g/g, 52 % solid concentration) measured 

over a period of 3 min in a 25 mm pipe.[21]
 

 
the LOGACTM flow/pressure meter, which is a simple tube 

viscometer. As mentioned above, piston-type pumps are com- 

monly used in field grouting applications and pulsation is 

unavoidable with this type of pump. The flowrate measured is 

averaged over a certain period of time; hence the true fluctuation 

of the flowrate due to cyclic pressure remains unknown. The 

flowmeters available today are not accurate enough to measure 

the pulsation of the flow when it is < 1 L/min. This is important at 
the later stage of grouting when the flow is very low. Figure 12 

compares the flowrate measured with the LOGACTM flow/ 

pressure meter and the flowrate derived by integration of the 

velocity profile from the UVP þ PD measurement. As can be seen, 

the two methods yield results of the same order of magnitude. 

In contrast to the traditional LOGACTM flow/pressure meter, 

the sophisticated UVP þ PD flowmeter was demonstrated to be 

capable of accurately measuring the fluctuation in the flowrate 

and pulsation in real-time.[21] Moreover, as the UVP measure- 

ments are combined with simultaneous PD measurements it was 

shown that the UVP þ PD method can be used to monitor time- 

dependent properties of these complex fluid suspensions and 

that it obtained a close comparison with offline rheometry. This 

new information provides a better fundamental understanding 

of the properties of the grout and the overall performance during 

the grouting process. 

 

 
 

Figure 12. Comparison of volumetric flowrates for a concentrated cement 
grout suspension obtained using the UVP technique and the LOGAC 

flowmeter.[21]
 

 

 
Latest Developments: The Flow-Viz System 

The Flow-VizTM system (www.flow-viz.com) is an in-line 

rheometric unit which operates based on the UVP þ PD principle. 

It is an industrial system for more efficient process and quality 

control within the fluids manufacturing industry. The Flow-Viz 

instrument can be used to visualize the flow and perform non- 

invasive rheological characterization of non-Newtonian fluids 

both continuously and in real-time. No similar solution is 

currently commercially available. The technology was developed 

by SP Technical Research Institute of Sweden, and CPUT Cape 

Peninsula University of Technology. The latest publications and 

work on the Flow-Viz system are presented by Kotzé et al. and 

Wiklund et al.[29,30]
 

The system consists of two main components: (a) operator’s 

panel and (b) sensor unit. The operator’s panel contains the 

ultrasound pulser-receiver and data acquisition electronics as well 

the graphical user interface (software). The sensor unit is installed 

at the measurement section/location and contains all the 

ultrasound, temperature, and pressure sensors. Figure 13 gives 

a system overview of these components. 

 

 
 

 
 

Figure 13. Commercial Flow-Viz system. Left: Operator's panel or user interface. Right: Sensor unit with clamp-on ultrasound sensor technology (www. 
flow-viz.com). 
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Figure 14. Schematic of the stainless steel tube viscometer and UVP þ PD flow loop. Red circle shows where the ultrasound sensors were installed. 

 
 

The sensor unit in Figure 13 features ultrasound clamp-on 

sensors that allow measurements through industrial stainless 

steel pipes with diameters ranging from 10–165 mm ID. 

In-Line Rheology of Kaolin Suspension using Flow-Viz System 

(Pipe Flow) 

The Flow-Viz system was tested in a concentrated kaolin clay 

suspension and results were compared to those obtained using a 

tube viscometer. A specially designed stainless-steel (316 L) flow 

loop was used for the in-line UVP þ PD and tube viscometry 

tests. Three pipe test sections were used with the following 

inner diameters (ID) and corresponding outer diameters (OD): 

22.4  mm  ID,  25.1  mm  OD;  35.1  mm  ID,  38.1  mm  OD; 

47.8 mm ID, 50.8 mm OD. A SPX rotary lobe pump with non- 

shearing pumping action was connected to the mixing tank. The 

loop consisted of several instruments to measure the process 

variables and test parameters. Three Wika PT-100 resistance 

temperature devices (RTD) were attached to the flow loop at 

different points: one for each of the pipes in the 22.4 mm and 

47.8 mm inner diameter pipes, and one for the mixing tank. 

Volumetric flowrates were measured using electromagnetic 

flowmeters.  An  Endress  and  Hauser  Promag  H  rated  at 

300 L/min was used to measure flow in  the  47.8 mm  pipe 

whilst a Krohne Optiflux 4000 was used in the 22.4 mm pipe. 

The differential pressure was monitored by ABB pressure 

transmitters with remote seals. The ABB 266 MRT pressure 

transmitter rated at 10 MPa maximum pressure was used in 

the 22.4 mm pipe whilst the ABB 265 DR transmitter with a 

lower pressure rating of 0.25 MPa was used in the 47 mm pipe. 

The  non-invasive  ultrasound  sensors  were  attached  to  the 

47.8 mm (ID) pipe for velocity profile measurements. Figure 14 

shows a detailed schematic of the stainless steel flow loop. The 

red circle shows where the ultrasound sensors were installed. 
Figure 15 shows a Doppler spectra measurement in kaolin 

0.384 g/g (38.4 % w/w) at a flowrate of 137.5 L/min (measured 

using an electromagnetic flowmeter). The velocity profile mea- 

surement using the Flow-Viz system was integrated (Equation (2)) 

in order to determine the volumetric flowrate. A flowrate of 

 

136.6 L/min was calculated and the error difference when 

compared to the electromagnetic flowmeter was 0.7 %. This 

showed confidence in the UVP measurement. Figure 15 shows 

that noise was present from 30 mm onwards. This is due to 

the highly attenuating physical properties of kaolin clay; this 

observation was also presented in Kotzé et al.[17,18] The 

attenuation was mostly at the opposite pipe wall and only data 

measured across half of the pipe diameter are required for 

calculating the fluid properties and volumetric flowrate. The 

velocity profile in Figure 15 shows that plug flow was present and 

therefore a yield stress property could be measured. 

Even with the highly attenuating kaolin clay suspension it was 

still possible to measure across the pipe radius non-invasively 

through high-grade stainless steel. Figure 16 compares the results 

obtained using conventional tube viscometry and the in-line 

Flow-Viz system. 

The rheogram for the concentrated kaolin suspension shows 

close agreement (well within 15 %) over the shear rate range 

where the data from the two techniques overlap. The Herschel- 

Bulkley model was used to characterize the flow data, however it 

 

 

 

Figure 15. Doppler spectra measured in kaolin 0.384 g/g (38.4 % w/w) at 
137.5 L/min. 
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Figure 16. Comparison between in-line Flow-Viz rheometry and tube viscometry for kaolin 0.384 g/g (38.4 %). 

 
 

 
 

 
can be argued that the Bingham model describes the tube 

viscometry data appropriately, since there were no data in the 
lower shear rate range. The Flow-Viz measurement provided 

meaningful data points even  at  very  low  shear  rate  values 

(< 1 s 1). Table 3 depicts the rheological parameters obtained by 
curve-fitting using the Herschel-Bulkley model (Equation (1)). 

The rheological parameters (ty, K, n) tube viscometry were 

obtained from model-based curve-fitting. The yield stress values 

from the two techniques agreed quite closely ( 9 % difference), 

although the tube viscometry value was not determined directly 

from shear stress measurement at very low shear rates. 

The important advantage of the Flow-Viz system (UVP þ PD) is 

that a complete rheogram or viscosities over a shear rate range can 

be determined in a few minutes whereas the tube viscometry tests 

can take from 30 min to over 1 h. Based on the results it was shown 

that the Flow-Viz system can accurately characterize  non- 

Newtonian fluids as validated with the conventional tube 

viscometry measurements. This new technology as well as the 

combined improvements already made in the UVP þ PD method- 

ology (included in the software) shows significant potential for 

implementation within the mineral transportation field under 

dynamic and robust industrial conditions. 

 
CONCLUSIONS 

The rheological characterization of industrial fluids is an 

important issue that has a direct impact on the effectiveness of 

flow predictions. In-line rheological characterization is often 

achieved by using some kind of tube viscometer where the 

volumetric flowrate and the pressure drop are measured and used 

to calculate the viscosity at a single shear rate, i.e. a point-wise 

measurement. In-line rheological characterization can however 

also be achieved by using UVP in combination with PD measure- 

ments to obtain the complete flow curve from a single measure- 

ment. Development and adaptation of the UVP þ PD technique has 

given engineers and scientists in the fluid engineering field a new 

tool to investigate the industrial flow process behaviour of these 

complex fluids. Kotzé et al.[17] investigated the capabilities and 

limitations of this method for different concentrations of non- 

transparent, highly-concentrated non-Newtonian model mining 

slurries and found that this methodology can be used effectively for 

in-line measurement of rheological parameters. However, the 

accuracy of these parameters is largely dependent on the shape and 

magnitude of measured velocity profiles and current limitations on 

transducer designs and installation methods prevent the in-line 

rheometric method from being implemented in industrial applica- 

tions. Recently Wiklund et al.[21] and Kotzé et al.[3] introduced a 

new generation of transducer incorporating a delay line as well as 

new application-based software consisting of new algorithms and 

advanced signal processing techniques. Tests were conducted in 

cement grouts and mineral slurries using the new technology. They 

concluded that the current limitations of the UVP þ PD in-line 

rheometric methodology were reduced; however, there is still an 

important remaining challenge. The delay line material is still 

an invasive setup where the material is in contact with the fluid. 

When dealing with complex mineral fluids that exhibit abrasive or 

corrosive properties, wear resistance, pressure, temperature, and 

high attenuation limitations of the ultrasonic transducer need to be 

addressed. The main remaining challenge is to develop a new 

optimal sensor that is completely non-invasive (not in any contact 

with test fluids) and can be implemented in applications under a 

true industrial environment. Such technology is currently available 

(www.flow-viz.com) and preliminary tests showed significant 

potential for measurements in complex mineral slurries. 
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Table 3. Rheological parameters obtained from the two in-line 
techniques for kaolin 0.384 g/g (38.4 % w/w) 

Parameters 
 

K (Pa sn) 

n 

Ty (Pa) 

Flow-Viz (UVP þ PD) Tube viscometry 

1.31 

0.5 

10.94 

3.78 

0.3 

10 



NOMENCLATURE 

DP pressure drop (Pa) 

g gravitational constant (m2/s) h fluid height (m) 

K fluid consistency index (Pa  sn) L pipe length (m) 
n flow behaviour index 

R pipe radius (m) Rplug plug radius (m) 
r radial position (m) 

v velocity (m/s) 

x0 vertical position of plug interface (m) x vertical position in flume (m) 

 
 

Greek Letters 

a inclination of the flume bottom to the horizontal plane (8) 

t0 wall shear stress (Pa) 

ty yield stress (Pa) 

r fluid density (kg/m3) 
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